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LivestockLivestock represent a fundamental economic and nutritional resource for many households in the developing
world; however, a high burden of infectious disease limits their production potential. Herewe present an ecolog-
ical framework for estimating the burden of poultry disease based on coupled models of infectious disease and
economics. The framework is novel, as it values humans and livestock as co-contributors to householdwellbeing,
incorporating feedbacks between poultry production and human capital in disease burden estimates.We param-
eterize this coupled ecological–economic model with household-level data to provide an estimate of the overall
burden of poultry disease for the IfanadianaDistrict inMadagascar,where over 72% of households rely on poultry
for economic and food security. Our models indicate that households may lose 10–25% of their monthly income
under current disease conditions. Results suggest that advancements in poultry health may serve to support in-
come generation through improvements in both human and animal health.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Globally, there are 2.2 billion people who live on less than 2 USD a
day [1], and approximately half rely on livestock for their livelihoods
[2]. For the rural poor who rely on agricultural production for subsis-
tence [3], production outputs are often generated from physical labor,
and may be sold, consumed, or traded for goods and services. Livestock
have been shown to contribute to the production process through mul-
tiple pathways. They provide ﬁnancial capital, as a liquid asset; physical
capital, when used for transportation or traction; natural capital, when
manure is used to improve soil fertility; and human capital, through
the effects of improved nutrition on physiological growth, cognitive de-
velopment, and education attainment [4].
The majority of poor livestock keepers live in South Asia
(600 million) and Sub-Saharan Africa (300 million) [2], regions off Agriculture, Animal and Plant
North 8th street, Suite 726,
. This is an open access article underthe world where infectious and parasitic diseases continue to under-
mine the health and productivity of both humans and livestock [5,6].
Good health is essential for the development of human capital, as it in-
ﬂuences an individual's capacity to grow, learn, and actively engage in
productive labor [7]. Like their human counterparts, livestock are com-
plex biological organisms whose reproduction, growth, and economic
value are necessarily inﬂuenced by their health status [8]. Therefore,
diseases that afﬂict livestock threaten the subsistence of poor house-
holds in ways that are directly comparable to the effects of human dis-
ease; not only through direct loss of income, but also by undermining
immediate and long term human capital accumulation through poor
nutrition and health. Although there is a growing body of literature
that supports the role of improving livestock health in poverty reduc-
tion [9–11], we lack frameworks formeasuring disease burden that cap-
ture the cumulative impacts of livestock disease on the livelihoods and
health of the rural poor.
Madagascar, a countrywith high levels of material deprivation,mal-
nutrition, and reliance on agriculture, provides an exemplar setting for
exploring these relationships. As one of the poorest countries in the
world, Madagascar consistently ranks within the bottom 20% of allthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Eighty-seven percent of Malagasy survive on less than 1.25 USD per
day [1], and approximately 15 million people, or two-thirds of the total
population, live in rural areaswhere agriculture and livestock production
are the primary forms of employment [14]. Madagascar has over 27mil-
lion chickens and 9.2 million other varied poultry species [14]; and as in
many other low income countries, poultry are important livestock spe-
cies for the poor. They produce meat and eggs for household consump-
tion, and are easily transported to local markets for sale [15,16].
Many of the major pathogens with the potential to impact poultry
production have been reported in the country, including: avian inﬂuenza
virus, Newcastle Disease virus, infectious bursal disease virus, fowl chol-
era (Pasteurella multocida), and intestinal parasites [17–19]. These path-
ogens decrease production as a result of high morbidity and mortality,
with sequela including transient immune suppression, poor weight
gain, and reduced egg production [20]. In order to quantify the effects
of poultry disease on economic productivity, we present an ecological
model framework that accounts for long-term interactions betweenpov-
erty and infectious disease. The model is based on the premise that
human and poultry capital are complementary inputs for generating
household income, and that human capital (in the form of nutrition) is
also supported by poultry production. The dynamic relationship be-
tween poultry disease and economic outcomes is modeled by coupling
well-established susceptible–infectious–susceptible (SIS) disease-type
models [21–23] with a simple economic growth model [24].
The framework builds on a theory of infectious diseases as ecological
drivers of poverty [25–27], and allows one tomeasure the impact of poul-
try disease dynamics on household income directly, and on household
capital accumulation. In this study, we estimate the burden of poultry
disease in the Ifanadiana District of Madagascar recognizing that feed-
backs between loss of production and human capital can exacerbate the
economic impact that infectious diseases of poultry can have on poor
households. We calibrate our model using data from a 1520-household
human health and demographic survey and an 80-household pilot
study of livestock health.
Materials and methods
Model framework
The epidemiological model for poultry disease
The poultry disease model is based on standard models in epidemi-
ology and disease ecology [21–23], where the poultry population is ap-
portioned into two compartmental classes, representing disease status.
The susceptible or healthy class denoted by Sc consists of uninfected
poultry with the potential of being infected, while the infectious or un-
healthy class denoted by Ic, consists of infected poultry that can transmit
disease. To account for differences in egg production between healthy
and unhealthy poultry, we introduce a third class for eggs, denoted by
Ec, and use two distinct egg production rates: αs for egg production by
healthy poultry and αi for egg production by unhealthy poultry. A sche-
matic of the model is presented in Fig. 1.
We present the following system of differential equations for the dy-
namics of the healthy and unhealthy poultry and egg populations:
S

c ¼ Λc þ πc þ γcIc − βcIc þ μc þ σ cð ÞSc; ð1Þ
I

c ¼ βcIcSc− γc þ νc þ μc þ σ cð ÞIc; ð2Þ
E

c ¼ αcSc þ αiIc − μe þ σeð ÞEc: ð3Þ
We assume new births and purchases occur at respective rates, Λc
and πc. The susceptible poultry population also increases when previ-
ously sick poultry recover from the infection at rate γc, and is reduced
as a result of infection occurring at rate βc, natural mortality or loss atrate μc, or through sale or consumption at rate σc. The infectious poultry
population grows as a result of new infections and is reduced as a result
of both natural and disease-induced mortalities occurring at respective
rates μc and νc. The infectious poultry population is also reduced when
infected poultry recover to join the susceptible class or when they are
sold or consumed at rate σc. Eggs, Ec, are laid by susceptible and infec-
tious poultry at respective rates, αs and αi, and become consumed or
sold at rate σe, or lost or hatched at rate μe.
Poultry-based income,M, is deﬁned as:
M ¼ peσeEc þ σ c psSc þ piIcð Þ− ppπc; ð4Þ
where pe is the sales price of one unit of egg, ps is the unit sales price of a
healthy bird, pi is the unit sales price of an unhealthy bird, and pp is the
unit purchase cost of healthy poultry and πc is the purchase rate.
The economic model
In the economics literature, income generation is typically modeled
with production functions [24,28,29], where income (i.e. the monetary
value of total production) is generated from inputs, such as physical
capital (i.e. infrastructure, equipment, land), human capital (i.e. educa-
tion, human health, nutrition), and labor. We accordingly model house-
hold income with the following production function:
y ¼ f k; hð Þ þM ¼ kαkhαh þM; ð5Þ
where f ðk; hÞ ¼ kαkhαh represents household income from sources
other than poultry. The state variables k and h represent household
physical and human capital, respectively. The exponents αk and αh de-
note production elasticities. Typically, it is assumed that αk + αh b 1,
so that the system experiences diminishing returns to all capital [24].
Through this production function, capital is transformed into income,
a portion of which is reinvested into future capital, while the other pro-
portion is consumed. As in [24] we model the dynamics of physical and
human capital through the following system of differential equations:
k

¼ rky−δk ð6Þ
h

¼ rhy−δh ð7Þ
where rk and rh are the rates of physical and human capital accumula-
tion and δ is the rate at which capital depreciates.
The coupled epidemiological–economic model
The coupled model is obtained by combining Eqs. (1)–(7). The cou-
pling occurs through income, M, which is generated from the poultry
disease models and fed into the equation for total household income
(Eq. (5)), and ultimately into the equations for physical and human cap-
ital (Eqs. (6) and (7)). See [25,26] for details on using such integrative
approaches for modeling the dynamics of coupled economic-
epidemiological systems.
Estimating the economic burden of poultry disease
The framework described by Eqs. (1)–(7) can be used to estimate
the economic burden of poultry disease as the difference between
household income with current poultry disease prevalence, yIc ¼ Ic ,
and the household income in the absence of any poultry disease,
yIc ¼ 0 , where Ic⁎ is the infectious poultry population at equilibrium:
Poultry Disease Burden ¼ yIc ¼ 0−yIc ¼ Ic ð9Þ
Data
Study site
The Ifanadiana District, centered at 21°18′S 47°38′E, has an average
elevation of 466 m, average annual rainfall of 1700 mm, and average
Fig. 1. Schematic of the coupled model. Blue ellipses denote poultry compartments, while blue lines denote transition rates between poultry compartments such as disease transmission
rate,βc, recovery rate, γc, naturalmortality rate, μc, disease-inducedmortality rate, νc, birth rate,Λc, egg-laying rates by healthy and unhealthy poultry,αs and αi, egg loss at rate, μe; and the
use of income to purchase poultry, ppπc. Green ellipses denote economicmodel classes, while green lines denote the generation of income from physical and human capital, fk, h, and the
reinvestment of a portion of income into these forms of capital at rates rk and rh. Red lines denote the generation of income through the sales and consumption of susceptible poultry, σcps,
infectious poultry, σcpi, and eggs, σepe.
62 C.L. Rist et al. / One Health 1 (2015) 60–65temperature of 24 °C [30]. The district is home to an estimated 185,000
people living in 11 Communes [31]. The western region of the district
includes a large portion of the 41,600 hectare Ranomafana National
Park (RNP), established in 1991 and since declared a UNESCO World
Heritage site [32]. The vast majority of the peripheral zone around the
RNP is agricultural land consisting largely of rice, cassava, and banana
subsistence farms [30].
Survey data collection
Data used in this study were acquired from two sources (Appendix
A.1). From April 1st to May 31st, 2014, the Madagascar Institute of Sta-
tistics (INSTAT) performed a two-step randomized survey of 1520
households of the Ifanadiana District [31]. Questionnaires were adapted
from the 2008 Madagascar Demographic and Health Survey (DHS) [33]
and the Multiple Indicator Clusters Survey (MICS) [34]. A smaller pilot
survey of 80 households was conducted by INSTAT from June 9–20th,
2014 within four geographical clusters comprising the Ranomafana
Commune, located within the Ifanadiana District. Questionnaires in-
cluded questions taken from the Livestock Module for Multi-topic
Household Surveys [35], and were used to measure production indica-
tors among poultry-owning households (N = 48). Both studies were
carried out in accordance with approved guidelines (Appendix A.2).
Analysis
Indicators of income, physical capital, and human capital
Indicators of income, physical capital and human capital were esti-
mated at the household level using data obtained from the Ifanadiana
District survey. Household income was measured as the combined an-
nual income of all adult (≥15 years) household members. Physical cap-
ital was measured by the household wealth index, which was
constructed for the Ifanadiana District following standard methods
used in the DHS [36] (Appendix A.3). Human capital was determined
at the household level using combined measures of the average nutri-
tion and education of household members (Appendix A.4).
Statistical analysis
A descriptive analysis of household and individual-level char-
acteristics for the population of the Ifanadiana District was performed.
Multiple linear regression was used to establish the association
between poultry ownership and: 1) the indicator variables of income,physical capital and human capital within district households; and
2) individual-level variables used to create the human capital index,
i.e. stunting in children b5 years, underweight in adults, and the average
years of adult education (Appendix A.5). Descriptive statistics and linear
regression analyses were performed using the survey procedures
(SURVEYMEANS, SURVEYFREQ, SURVEYREG) available in SAS 9.3
(Cary, NC), which account for cluster sample design using Taylor linear
approximation for variance estimation. Household weights were ap-
plied to provide estimates at the district and commune level.
Coupled model analysis
Due to a lack of speciﬁc disease data, we used general measures of
poultry production and mortality collected from the pilot study in the
Ranomafana Commune to parameterize the model where possible
(Appendix A.6 and Table B.1). A sensitivity analysis using Latin Hyper-
cube Sampling (LHS) and Partial Rank Correlation Coefﬁcient (PRCC)
approaches [37] was performed to evaluate how uncertainty in param-
eter estimates affected estimates of the economic burden of disease and
to identify the parameters with the greatest impact on these disease
burden estimates (Appendix A.6).
Results and discussion
Table 1 provides a general summary of household and individual-
level characteristics of the Ifanadiana District. The average annual
household income is 398 USD (±24USD), and 85% (±0.9%) of working
adults are employed in the agricultural sector. Seventy-two percent
(±2.2%) of households own poultry, with an average of twelve birds
(±0.5) per household. The majority of households own arable land
(85% ± 2.4%), however ownership of other physical assets is generally
low: less than half (47%±3.0%) of households own some form of latrine
or toilet, 20% (±3.1%) use improved rooﬁng or ﬂooringmaterial in their
homes, and only 15% (±3.3%) have access to a protected water source.
Indicators of nutritional status and education within the population are
also low. The prevalence of underweight in adults is 29% (±1.0%); 52%
(±1.7%) of children b5 years are stunted; and over 80% (±1.0%) of
adults have received fewer than 5 years of formal education.
A signiﬁcant positive linear relationship was found between the
number of poultry owned and all three economic indicators, controlling
for the number of householdmembers and agricultural-related employ-
ment (Table 2). Based onmodel results, for every bird a household owns
Table 1
Household and individual-level characteristics for the population of the Ifanadiana Dis-
trict, Madagascar. Results are based on a 2014 population level health and economic sur-
vey of 1522 households [31].
Variable Weighted % (n) or
mean
w SE
Household characteristics (N = 1522)
Annual household income $398 USD 24 USD
Physical capital index 0.081 0.014
Human capital indexa 0.187 0.004
Household members 5.4 0.10
Livestock ownership
Any livestock (poultry, pigs, cattle) 75.3% (1188) 2.2%
Poultry 72.4% (1145) 2.2%
Pigs 23.2% (367) 1.7%
Cattle 13.9% (200) 1.1%
Herd/ﬂock size
Poultry 11.80 0.52
Pigs 1.75 0.12
Cattle 3.62 0.20
Own latrine/toilet 47.4% (765) 3.0%
Own arable land 85.2% (1351) 2.4%
Electricity 9.3% (101) 2.5%
Protected water source 14.9% (179) 3.3%
Improved housing materials 20.3% (254) 3.1%
Individual characteristics
Agriculture-related Job (N = 3698) 84.8% (3221) 0.9%
Adult education (N = 4053)
No formal school (0 years of education) 24.3% (1041) 0.9%
Some primary school (1–4 years of education) 56.5% (2352) 1.0%
Completed primary school or higher
(≥5 years of education)
19.2% (660) 1.0%
Nutritional indicators
Underweightb adults ≥ 15 years (N = 3312) 28.5% (679) 1.0%
Stuntingc in children b 5 years (N = 1261) 52.1% (642) 1.7%
a For human capital index, N = 1313.
b Deﬁned as BMI b 18.5 for ages ≥ 18 years, and based on BMI-for-age cutoffs by gender
for those aged 15–17, as deﬁned byWHO [48].
c Deﬁned as a z-score b−2 for the height-for-age ratio.
63C.L. Rist et al. / One Health 1 (2015) 60–65we expect the annual household income to increase by 2.50 USD (p b
0.001), the physical capital index to increase by 5.2% (p b 0.001), and
the human capital index to increase by 1.0% (p = 0.009). Indicators
for annual household income, physical capital, and human capital
were positively correlated, demonstrating the potential impact of any
one of these indicators on other key components of household econom-
ics (Figure B.1). The existence of these relationships within the popula-
tion supports our premise that there are dynamical relationships
between poultry production and household economic outcomes that
cannot be directly measured as a loss of income alone.
Using health and education as indicators of human capital is not
unique to this study [7,38–40], and is supported by our statistical re-
sults. Individual-level measures of stunting in children b5 years and
adult education in the Ifanadiana District were signiﬁcantly associated
with increasing numbers of poultry (Table B.2). Speciﬁcally, we found
a lower prevalence of stunting in children b5 years and higher educa-
tion levels among adults with increasing ﬂock size, controlling for im-
portant covariates (Fig. 3). We used nutritional indicators as our proxyTable 2
Results ofmultiple linear regressionmodels used to determine the association between thenum
physical capital (N = 1502), and human capital (N= 1297), controlling for the number of hou
member.
Parameters Annual household income (log income in USD) Physica
Estimate Pr N |t| R2 Estimat
Intercept 5.416 b0.001 0.072 1.820
HH members 0.058 b0.001 0.135
Ag job −0.487 b0.001 −2.867
Number poultry 0.011 b0.001 0.028for human health status, as malnutrition increases the risk of being af-
fected by disease and may reﬂect an underlying chronic disease condi-
tion [41,42]. By measuring human capital in this way, our estimate of
the rate of human capital accumulation explicitly models the rate at
which income is invested in education and nutrition at the household
level.
The epidemiological component of our model framework captures
the monetary value of poultry and eggs sold and consumed by house-
holds, allowing it to vary based on production parameters inﬂuenced
by general disease dynamics. Fig. 2A–C illustrates the epidemiological
dynamics of poultry and egg production systems, and the dynamics of
household economics for a period of 30 years with and without poultry
disease. Each state variable relaxes to its equilibriumvalue signaling sta-
bility in the long term. The value provided by poultry (from sales and
consumption) is incorporated into the income production function sep-
arately from other forms of income, as well as through its incorporation
into the differential equations for human and physical capital. The pres-
ence of disease in the system reduces the number of live birds and eggs
available for each household as a result of higher mortality rates and
lower production rates of ill poultry (Fig. 2A). This reduced production
results in a loss of approximately 4.5 USD per month or almost 17% of
monthly household income at equilibrium (y Fig. 2B). The income loss
is a result of the reduction of available income from poultry (M,
Fig. 2B) and is exacerbated through feedbacks with human capital and
physical capital (Fig. 2C).
Equilibrium monthly household income was used to estimate the
mean burden of disease as the percent of income lost to disease for a
range of potential transmission rates, βc (Fig. 2D). Results from the sen-
sitivity analysis were included in our burden estimation to account for
the high uncertainty in model parameter values (Table B.1). Based on
the Latin Hyper-cube sampling method, we ran 1000 simulations,
each with a different combination of parameters, at transmission rates
from0 to 1. An exponential increase in the economic burden is observed
at transmission rates below 0.4 while the burden approaches a ﬁxed
value at higher transmission rates. The majority of simulations with a
transmission rate N0.3 predicted a 10–25% loss of monthly income.
PRCC results suggest that in the presence of poultry disease, both
economic and epidemiological parameters highly inﬂuence the out-
comes of the coupled system, and hence the overall burden of poultry
disease (Figure B.2). Uncertainty or variability in the production elastic-
ities αk and αh, the physical and human capital investment rates rk and
rh, the price of healthy poultry ps, the poultry harvest rate σc, the poultry
fertility rate Λc, and the recovery rate γc, contributedmost in generating
uncertainty or variability in household income (Table B.3). Further-
more, seasonal or temporal ﬂuctuations in disease transmission and
other relevant parameters could impact the dynamics of the disease
and economic systems. Indeed, diseases in many agriculture systems
go through cycles of disease outbreaks, or periods of elevated incidence
in the case of endemic diseases. These are not considered in our study
due to the lack of longitudinal data on disease dynamics. Instead, we
run the disease system with constant transmission rates for 30 years
to analyze results at equilibrium for simplicity. Future iterations of this
model would beneﬁt from longitudinal data collection, including infor-
mation on speciﬁc disease incidence and associated epidemiologicalber of poultry ownedwith the indicator variables of annual household income (N=1425),
sehold (HH) members and employment in an agricultural job (Ag Job) by at least one HH
l capital (log wealth index) Human capital (log human capital index)
e Pr N |t| R2 Estimate Pr N |t| R2
b0.001 0.160 3.384 b0.001 0.098
b0.001 −0.011 0.455
b0.001 −0.092 b0.001
b0.001 0.010 0.009
Fig. 2.Estimation of the economic burdenof poultry diseases. Graphs A–C show the dynamics of the epidemiological and economic systems in thepresence of disease (dashed lines) and in
the absence of disease (continuous lines). Graph D presents the results of the sensitivity analysis of the economic burdens of poultry disease for a range of potential transmission rates. At
each transmission rate, 1000 simulations were run, each with a different a combination of randomly selected parameters. The color code represents the % of models with a speciﬁc eco-
nomic burden, where red indicates the most frequent equilibrium burden, and dark blue indicates the least frequent burden.
64 C.L. Rist et al. / One Health 1 (2015) 60–65disease parameters (i.e. rates of transmission and recovery); temporal
changes in poultry purchases, sales, and consumption; and accurate
ranges for capital accumulation and depreciation rates.
Other economic tools have been combined with epidemiological
methods to assess the impact of livestock disease at various scales [43,
44], however, ours is the ﬁrst to provide an analysis at the household
level, targeting the livestock-owning population, and incorporating
feedbacks of livestock productivity on both income generation and
human capital accumulation. These are importantmodel characteristics
when estimating livestock disease burden on the rural poor. For exam-
ple, in Ghana, an economy-wide impact of highly pathogenic avian in-
ﬂuenza (HPAI) was assessed as minimal, with a loss of 70% of poultry
production causing only a 0.47% drop in agricultural GDP [45]. This re-
sult suggests that HPAI control is not essential to the Ghanaian econo-
my, but does not consider the potential devastating effect on the
individual poultry farmer. In contrast, evaluations performed at the
micro-level have found large impacts on household income and0
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Conclusion
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65C.L. Rist et al. / One Health 1 (2015) 60–65capital accumulation. Developing methods to measure the burden of
livestock disease on the rural poor is important for governments, policy
makers, and others in the global health and development communities
who seek to include livestock disease prevention strategies as compo-
nents of broader human health and development strategies. Future iter-
ations of thismodel could be altered to address speciﬁc diseases in other
important livestock species, and could include additional impacts on
human health (beyond nutrition) through zoonotic transmission path-
ways [49].
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